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C^; ABSTRACT 

^ , An important aspect of solving the long-standing question as to what triggers vari- 

Y^. • ous types of Active Galactic Nuclei involves a thorough understanding of the overall 

C/3 I properties and formation history of their host galaxies. This is the second in a series 

. of papers that systematically study the large-scale properties of cold neutral hydrogen 

(Hi) gas in nearby radio galaxies. The main goal is to investigate the importance of 
gas-rich galaxy mergers and interactions among radio-loud AGN. In this paper we 
^ ■ present results of a complete sample of classical low-power radio galaxies. We find 

ly^ I that extended Fanaroff & Riley type-I radio sources are generally not associated with 

CO , gas-rich galaxy mergers or ongoing violent interactions, but occur in early-type galax- 

00 ■ ies without large (> 10^ Mq) amounts of extended neutral hydrogen gas. In contrast, 

I enormous discs/rings of H I gas (with sizes up to 190 kpc and masses up to 2 x 10^^ Mq) 

. are detected around the host galaxies of a significant fraction of the compact radio 

' sources in our sample. This segregation in Hi mass with radio source size likely in- 

I dicates that these compact radio sources are either confined by large amounts of gas 

in the central region, or that their fuelling is inefficient and different from the fuelling 
process of classical FR-I radio sources. To first order, the overall Hi properties of our 
complete sample (detection rate, mass and morphology) appear similar to those of 
radio-quiet early-type galaxies. If confirmed by better statistics, this would imply that 
I low-power radio- AGN activity may be a short and recurrent phase that occurs at some 

point during the lifetime of many early-type galaxies. 

Key words: 
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1 INTRODUCTION 

Active Galactic Nuclei (AGN) are believed to be trig- 
gered when gas and matter are deposited onto a super- 
massive black hole in the centre of the host galaxy. 
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For this to happen, the gas needs to lose sufficient an- 
gular momentum to be transported deep into the po- 
tential well of the galaxy, until it eventually fuels the 
AGN. Many different mechanisms have been proposed for 
transporting the gas down to the nuclear region, from 
galaxy m e rgers and interactions (e.g. Hockman ct al. 1986'; 
Lin et al.1 Il988l: IWu etabl Il998l: IC olina & dc Juan 1995; 



Canalizo fc Stocktonl2001 : IKuo et al I^oosl) to bars and cen- 
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tral s piral structures (e.g. Schlosman. Frank, fc BegelmanI 



1 19891 : IPrieto. Macieiewski. fc ReunanenI 20051 ) to cooling 
flows and ac c retion of circum-gala c tic hot gas (e.g . 
iFabian fc Re3 1 19951 : iBest et all l2006l : lAllen et all 12009 ). 
Undoubtedly, many of these fuelling mechanisms do oc- 
cur; since various classes of AGN (e.g quasars, Seyferts, ra- 
dio galaxies, etc.) are found in different environments and 
are known to have intrinsic differences ( other than simply 
orien tation-dependent properties, see e.g. lUrrv fc Padovana 
[l99i), it is likely that certain mec hanisms are a ssociated 
with specific types of AGN (see e.g. lMartinill2004l . for a re- 
view) . 

Nearby radio galaxies form a particularly interesting 
group of active galaxies for investigating possible AGN fu- 
elling mechanisms. Their radio continuum sources evolve 
over time and both fuelling characteristics as well as dy- 
namical interaction with their surrounding host galaxies can 
reflect in easily observable properties of these sources. This 
allows to estimate the time-scale since the onset of the cur- 
rent episode of AGN activity as well as to match radio source 
characteristics with host galaxy properties and possible fu- 
elling mechanisms. 

For example, compact radio sources (in particular the 
Giga-hertz Peaked Spectrum [GPS] and Compact Steep 
Spectrum [CSS] sources) are often believed to be young radio 
sources. Interactions between their radio jets (which can be 
imaged at high resolution with VLBI observations) and the 
surrounding medium can give an insight into the physical 
properties of the Inter-Stellar Medium (ISM) in the central 
region of the galaxy, where the potential AGN fuel reservoir 
is stored. 

On larger scales, there is a striking dichotomy in ra- 
dio source morphology between hig h- and low-power ra- 
dio sources (|Fanaroff fc Rilevl Il974) . While powerful, Fa- 
naroff & Riley type-II (FR-II), radio sources contain rela- 
tivistic jets that end in bright hot-spots, low-power FR-I 
sources are sub-relativistic and have an edge-darkened mor- 
phology. Various studies indicate that this striking differ- 
ence in radio-source properties may be linked to a differ- 
ence in host galaxy properties and, related, difference in the 
feeding mechanism of the AGN. It has been argued from 
optical studies that a significant fraction of powerful ra- 
dio galaxies with strong emission-lines show peculiar opti- 
cal morphologies and emission-line features reminiscent of 
a gas-rich galaxy merger, but that low-power radio sources 
with weak emission- lines do not generally share the sam e 



optical properties jHeckman et al 19861 : ISaum et al]|l992l ) 
IChiaberge. Gapetti. fc Gelottil (|l999l ) show from JTST obser- 
vations that low-power radio sources lack evidence for an 
obscuring torus and substantial emission from a classical ac- 
cretion disc. This suggests that accretion may take place in 
a low efficiency regime, which can be explain ed by accretion 
of ga s from the galaxy's hot gaseous halo (iFabian fc Rees 
Il995^ . From X-ray studies, iHardcastle. Evans, fc Groston 
1 20071 ) suggest that high-excitation AGN in general (com- 
prising a large fraction of powerful radio sources) may form 
a classical accretion disc from cold gas deposited by a gas- 
rich galaxy merger, while low-excitation AGN (comprising 
most low-power radio galaxies) may be fed through a quasi- 
spherical Bondi accretion of circum-galactic hot gas that 
condenses directly onto t he central black -hole. A similar con- 
clusion was reached bv lBaldi fc Capet"til (|2008, ) from the fact 



that high-excitation radio galaxies almost always show evi- 
dence for recent star formation, while this is generally not 
the case in their low-excitation counterparts. 

Interestingly, all the above mentioned studies place an 
important emphasis on the crucial role of the cold gas, 
since this gas - when deposited after a gas-rich galaxy 
merger/collision - is thought to be the potential fuel reser- 
voir for AGN/starburst activity and is also believed to be 
be an important ingredient in the formation of a classical 
accretion disc and surrounding torus. Unfortunately, so far 
a systematic inventory of the cold gas in radio galaxies is 
crucially lacking. 

Studying the neutral hydrogen (H I) gas in radio galax- 
ies provides a powerful tool to investigate the occurrence of 
cold gas among various types of radio-loud AGN. HI ob- 
servations are particularly suited to reveal the occurrence of 
gas-rich galaxy mergers and interaction in these systems and 
hence study their importance in triggering / fuelling the ra- 
dio so urce. This issue was first addressed bv lHeckman et aU 
l|l983h . who used single-dish H I observations for tracing the 
cold gas in a pre-selected sample of radio-loud interacting 
galaxies. Current-day interferometers allow us to map the 
HI gas in unbiased samples of nearby radio galaxies. Map- 
ping the HI in emission on host galaxy scales can reveal 
ongoing galaxy interactions that are easily missed by opti- 
cal imaging of the starl ight; see for example the case of the 
M81 group (lYun. Ho. fc Lo . 1994) . A g ood example of thi s 
is also given bv IKuo et all l|200^ and iTang eTall l|2008h . 
who show that HI observations of nearby Seyfert galaxies 
clearly reveal that Seyfert systems are much more strongly 
associated with ongoing interactions than their non-active 
counterparts - a trend that is not seen from optical analysis 
of their samples. 

In case of a more violent galaxy merger or collision, 
the simultaneous spatial and kinematical information ob- 
tained with HI observations is ideal for tracing and dat- 
ing these events over relatively long time-scales. The rea- 
son is that in a galaxy merger or collision, part of the 
gas is often expelled in the form of large structures (tida l 

tails, bridges, shel ls, et c.: iHibbard fc van GorkomI Il996l : 

iMihos fc Hernauist|[l99^ : lBarnesll2002l ). which often have a 
too low surface density for massive star formation to occur. 
If the environment is not too hostile, parts of these gaseous 
structures remain bound to the host galaxy as relic signs of 
the galaxies' violent past, even long after optical stellar fea- 
tures directl2_associ^ted_wi^ niay have faded 
(e.g. iHibbard fc van GorkomI Il996l ). Several studies show 
that time-delays of tens to many hundreds of Myr between 
a merger event and the onset of the curren t episode of AGN 
activ i ty do occur among active galaxies jTadhunter et all 
I2OO5I : lEmonts et allbood : iLabiano et al.ll2008l ). making HI 
observations ideal for detecting evidence of galaxy mergers 
or collisions on these time-scales. 

Another advantage of studying HI in radio galaxies is 
that HI can be traced in absorption against the bright ra- 
dio continuum. It allows investigating the kinematics of H I 
gas located in front of the radio source, all the way down to 
the very nuclear region. This provides important insight in 
the presence/absence of circum- nuclear discs and tori, or al- 
lows to look for direct evidence of AGN fuelling/fee dback in 
the form of gas infall/outfiow (see e.g. va n Gorkom et al.l 
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Table 1. Radio galaxy properties 



Source 




z 


D 


Opt. 


Mv 


S(60Atm) 


S(lOOAtm) 


logPi 4GHz 


(ref.) 


LS 


(ref.) 


Type 


B2 name 


other name 




(Mpc) 


Mor. 




(mJy) 


(mJy) 


(W/Hz) 




(kpc) 




source 


0034+25 




0.0318 


134 


E 


-22.1 


<153 


<378 


23.4 


(3) 


200 


(5,10) 


FR-I 


0055+30 


NGC 315 


0.0165 


70 


E 


-23.1 


363+17 


586+74 


24.2 


(6) 


1200 


(11,15) 


FR-I 


0104+32 


3C31 


0.0169 


71 


SO 


-22.0 


444+21 


1720+57 


24.0 


(7) 


484 


(10) 


FR-I 


0206+35 




0.0377 


159 


E 


-22.6 


<126 


<284 


24.8 


(2) 


69.9 


(2,10) 


FR-I 


0222+36 




0.0334 


141 


E 


-22.2 


<126 


<315 


23.7 


(4) 


4.8 


(5) 


C 


0258+35 


NGC 1167 


0.0165 


70 


SO 


-21.7 


177+47 


<441 


24.0 


(4) 


1.4 


(12) 


C 


0326+39 




0.0243 


103 


Et 


-21.9 


<140 


<410 


24.2 


(7) 


202 


(10) 


FR-I 


0331+39 




0.0206 


87 


E 


-22.4 


<140 


<410 


23.9 


(2) 


29.1 


(2,10) 


FR-I 


0648+27 




0.0412 


174 


SO 


-23.2 


2758+57 


2419+57 


23.7 


(4) 


1.3 


(14) 


C 


0722+30 




0.0189 


80 


S 


-20.5 


3190+21 


5141+57 


23.0 


(4) 


13.6 


(2,10) 


FR-I 


0924+30 




0.0253 


107 


Et 


-21.9 


<126 


<315 


23.8 


(7) 


435 


(10) 


FR-I 


1040+31 




0.0360 


152 


DBt 


-21.5 


<195 


<473 


24.3 


(2) 


40.3 


(2,10) 


FR-I 


1108+27 


NGC 3563 


0.0331 


140 


SO 


-21.lt 


<153t 


<315t 


23.3 


(2) 


1085 


(10) 


FR-I 






u.uuuy 


9Q 


CIO 


-22 8 




701 4-1-1 1 Pi 


22 


\^) 


10 7 
lU. 1 




r* 


1217+29 


NGC 4278 


0.0022 


16.1^ 


E 


-21.4 


618+21 


2041+57 


22.2 


("6) 
\^ 1 


0.009 




c 


1321+31 


NGC 5127 


0.0162 


68 


E pec 


-21.5 


<140 


<347 


23.9 


(7) 


246 


(10) 


FR-I 


1322+36 


NGC 5141 


0.0174 


73 


SO 


-21.5 


<153 


<378 


23.7 


(2) 


19.1 


(2,10) 


FR-I 


1447+27 




0.0306 


129 


SO 


-21.4 


<112 


<284 


23.6 


(6) 


<2.3 


(3) 


C 


1658+30 


4C 30.31 


0.0344 


145 


E 


-20.9 


<112 


<252 


24.2 


(3) 


114 


(5,10) 


FR-I 


2116+26 


NGC 7052 


0.0156 


66 


E 


-21.9 


538+17 


1276+57 


22.7 


(2) 


291 


(10) 


FR-I 


2229+39 


3C 449 


0.0171 


72 


E 


-21.6 


186+42 


1029+137 


24.4 


(9) 


462 


(10) 


FR-I 


1557+26 




0.0442 


187 


E 


-22.1 


<126 


<315 


23.1 


(2) 


~2 


(2) 


C 




NGC 3894 


0.0108 


46 


E 


-22.4 


140+59 


480+158 


23.0 


(6) 


1.6 


(15) 


C 



Notes - The distance D (col. 4) to the radio galaxy and the linear size of the radio source (LS - col. 11) have been determined from the 
redshift (z - col. 2) and Hq = 71 km s~^ Mpc~^ (unless otherwise indicated). Redshifts and optical morphology are based on results 
from the NASA/IPAC E xtragalactic Database (NED), unless otherwise indicated. My and IRAS flux densities (columns 6-8) are 
from llmpev fc G regorini (1993, and refs. therein) and adj usted for Hq = 71 km s~^ M pc~^ (unless other wise indicated) . t I nform ation 
Crownel t l979). tData taken from'lmoev et al.' (7990). Rcfs: 1. Tonrv et al.' (2001'), 2. Parma ct al. (19 8^). 3. 



taken from Burbidse c 



Ide Ruiter ct al. ( 1986'). 4.|Fa.nti et al. (1986), 5. Fanti ct al. (1987), 6. White & : Becker (1992 ). 7. E kcr s ct al. (1981), S. Schili z^et al.l 

(Il983ll. g.lLaing fc Peacockl (Il98dl. lO.fEmon ts (2006 , based on the dat a used in this paper), 1 1. iMorganti et al . (2009), 12. 

iGiroletti. Giovannini. fc TavloJ l l2005al '). 13. IWilkinson et al.l l ll99Sl) . 14. lMorganti et al.l (l2003al) . 15.. lTavIor et al., 11998,) . ISridle et al.l 
(|l979l l 



19891: iMorganti et all I2001I . I2OO8I : IVermeulen et all l2003l : 
Morganti et al.ll2005l ) 



In this paper we study the large-scale HI properties 
of a complete sample of nearby low-power radio gala:xies 
and combine this with deep optical observations of the low- 
surface brightness stellar content of the Hl-rich objects. The 
main aim is to investigate the importance of gas-rich galaxy 
mergers /interact ions among low-power radio galaxies. We 
compare the HI properties of our sample of nearby radio 
galaxies with similar studies done on radio-quiet early-type 
galaxies (|Oosterloo et al.ll2007l . I2OI0I ) . Our sample of nearby 
radio galaxies consists of low-power compact and FR-I 
radio sourc es. The current pap er succeeds a first Letter in 
this series (|Emonts et al.l [20071 . hereafter Paper I), in which 
some HI results related to the low-power compact sources 
in this sample were already discussed. While the current 
paper will shortly revisit the results from Paper I, it will 
also give the overall results and details on the entire sample. 
Results of a sample of more powerful FR-II radio sources as 
well as a discussion of the role of HI gas in the FR-I/FR-II 
dichotomy will be presented in a future paper. 

Throughout this paper we use Ho = 71 km s~^ Mpc~^. We 
calculate distances using the Hubble Law c-z^Hq-D (i.e., for 
simplicity we assume a single value for both the luminosity 



distance and angular distance, which is accurate to within 
a few percent at the redshifts of our sample sources). 



2 THE SAMPLE 

Our initial sample of nearby low-power radio g alaxies con- 
sisted of 23 sources from the B2-catalogue (|Colla et al.l 
Il970l . flux density limit S'4osmhz > 0.2 Jy) with redshifts 
up to z = 0.041. This initial sample is complete, with 
the restriction that we left out BL-Lac objects as well as 
sources in dense cluster environments (since here the gas 
content of gal axies is severely influ e nced by environmen - 
tal effects [e .g. 'Cavat te et al] (| 19941 ): ISolanes et al] (120011 ): 
IChung et al.l (.2009)] and we expect that merger signatures 
may be wiped out on relatively short time-scales). Because 
of observational constraints, two sources were excluded from 
our initial sample (B2 1317+33 and B2 1422+26), but we do 
not expect that this will significantly alter our main results. 
Of our remaining sample of 21 radio galaxies, six have a com- 
pact radio source, while fifteen have an extended FR-I radio 
source (with 'compact' defined as not extending beyond the 
optical boundary of the host galaxy, typically < 10 kpc in 
diameter). Most of the compact sources have often been re- 
ferred to as Low Power Compact (LPC) sources. The excep- 



© 2007 RAS, MNRAS 000, [T]-?? 



4 B. H. C. Emonts et al. 



tion is B2 0258+35, which has been classified as a C ompact 
Steep Spectrum (CSS) source ('San ghera et al.lll995l ). In or- 
der to increase the number of compact sources in our sample, 
we observed two more radio galaxies with a compact source: 
B2 1557+26, a radio galaxy from the B2 catalogue with z 
= 0.0442 (therefore just outside the redshift range of our 
complete sample) and NGC 3894 (a compact radio source 
that is comparable in power to our B2 sample sources, but 
with a declination outside the completeness limit of the B2 
sample). While these two sources provide additional infor- 
mation on the HI content of nearby radio galaxies with a 
compact source, they are left out of the statistical analysis of 
our complete sample discussed in the remainder of this pa- 
per. All the sources in our sample have a radio power of 22.0 
^ log (Pi. 4 GHz) ^ 24.8 and their host galaxies were a priori 
classified as early-type galaxi es (with the excepti on of the 
late-type system B2 0722+30: [Emonts et al]|2009^ . Table[T] 
lists the properties of the radio galaxies in our sampleQ 

We note that our current sample contains no powerful 
FR-II radio galaxies. FR-II sources are generally located at a 
higher redshift and no FR-II source that meets our selection 
criteria is present in the B2 catalogue. 



3 OBSERVATIONS 

3.1 Neutral hydrogen gas 

Observations were done during various observing runs in 
the period Nov. 2002 - Nov. 2008 with the Very Large Ar- 
ray (VLA) in C-configuration and the Westerbork Synthesis 
Radio Telescope (WSRT). The C-configuration of the VLA 
was chosen to optimise the observations for sensitivity to 
detect both extended HI emission as well as HI absorption 
against the radio continuum and to match the beam of the 
WSRT (in order to obtain an as good as possible homoge- 
neous H I sample) . For the WSRT observations we used the 
20 MHz bandwidth with 1024 channels in two intermediate 
frequency (IF) modes. For the VLA-C observations we used 
the 6.25 MHz band with 64 channels and two IF modes. 
Table [5] gives the details of the observations. 

For the reduction, analysis and visualisation of the data 
we used the MIRIAD, GIPSY and KARMA software. After flag- 
ging, a standard bandpass-, phase- and (if necessary) self- 
calibration was performed on the data. In order to minimise 
aberration effects of strong continuum point-sources in the 
field of our target sources, the model components of these 
strong point sources were removed from the data in the uv- 
domain. Continuum and line data sets were constructed by 
fitting a first or second order polynomial to the line-free 
channels in the uv-data, applying a Fourier transformation 
and subsequently cleaning and restoring the signal in the 
data in order to remove the beam-pattern. The resulting 
continuum images do not have the optimal sensitivity and 
resolution for studying the radio sourc es in detail an d are, 
therefore, omitted from this paper (see lEmont^l2006l . for a 
collection of the continuum images). We note, however, that 
the radio source structures and flux densities in these im- 
ages agree with continuum observations from the literature 

^ In this paper we use the B2 name for both the radio source as 
well as the host galaxy. 



Table 2. Radio observations 

B2 Source Observatory Obs. date(s) ^ohs 

(dd/mm/yy) (hrs) 



Notes: Although initially the WSRT and VLA observations were 
aimed at obtaining a uniform sensitivity, many of our sample 
sources were re-observed over the years, resulting in the varying 
observing time s, tnha (last column) is the total observing time. 
References; a).'Morganti ct al.' (2009'); b ). St ruve et al. (in 
prep.) c).JEmo,n ts ct al. (,200& 1: d). .Emonts et al.l [200a ): e). 
iMorganti et al.[ 32006 i 'l 

JParma et al.lll986l: Ide Ruiter et al.lll986l : iFanti et al.lll986l : 
iFanti et a l. 1987). For the line-data we constructed data 
cubes with different weighting-schemes in order to maximise 
our sensitivity for various emission/absorption features. Uni- 
form weighting has been used to study in detail HI in ab- 
sorption against the radio contin uum for most of our sample 
sources, while robust weig hting (jBriggsl [l995) provided the 
best results for tracing H I in emission. Table [3] gives an 
overview of the properties of the data sets that we used for 
this paper. 

Total intensity maps of the line-data were made by sum- 
ming all the signal that is present above (and below for ab- 
sorption) a certain cut-off level in at least two consecutive 
channels. This cut-off level was determined at a few x the 
noise-level, the exact value depending on the noise proper- 
ties of the individual data-cubes (but typically 3a). In cases 
where the signal is very weak, it was taken into account only 
when it appeared in both polarisations and in both the flrst 
and the last half of the observations. Further details on the 
data reduction of several individual objects that we previ- 
ously published can be found under the references mentioned 
in Table H 



0034+25 


WSRT 


09+11/08/07 


24 


0055+30 


WSRT"^ 


30 /06 /00;05 /09/01 


21 


0104+32 


VLA-C 


22/12/02 


4 




WSRT 


23+29/08/07 


24 


0206+35 


WSRT 


29 /08 /04;22 /08 /07; 


31 






11/09/07 




0222+36 


WSRT 


12+13/09/07 


24 


0258+35 


WSRT*" 


22/10/06;12/07/08; 


107 






19 /08 /08;26+29 /09 /08; 








01-1-02+07+10/10/08; 








07+12+17/11/08 




0326+39 


WSRT 


17-1-18/09/07 


24 


0331+39 


WSRT 


19/08 /04; 19+20 /09 /07 


30 


0648+27 


WSRT'= 


12+15/08/02;28/12/02 


36 


0722+30 


VLA-C* 


23/12/02 


4 


0924+30 


WSRT 


07/08/04 


9 


1040+31 


WSRT 


31/07/04 


7 


1108+27 


VLA-C 


31/03/04 


4 


1122+39 


VLA-C 


20/04/04 


2.5 


1217+29 


WSRT^ 


04/02/04 


48 


1321+31 


VLA-C 


02/11/02 


4 


1322+36 


VLA-C 


02/11/02 


4 


1447+27 


WSRT 


10/04/04 


12 


1658+30 


WSRT 


03+04/08/07 


24 


2116+26 


WSRT 


01+07/08/07 


24 


2229+39 


WSRT 


08+10/08/07 


24 


1557+26 


WSRT 


09/04/04 


12 


NGC 3894 


WSRT 


01/02/04 


12 
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Table 3. Properties of the HI data 



Source 
B2 name 


Av 

(km/s) 


Uniform — 

(1) 


absorption 

2) (3) 


Robust/Natural - 

(1) (2) 


- emission 

(3) (4) 


0034+25 


16.5 





43 


26.2 


X 11.8 


(-1.0) 





22 


44.6 


X 


25 


6 


(-2.7) 


+2 


0055+30" 


20 















21 


35 


X 


18 




(-5) 


+0.5 


0104+32 (VLA) 


20.6 





27 


13.4 


X 10.8 


(-39.2) 





20 


18.8 


X 


18 


1 


(-40.5) 


+2 


0104+32 (WSRT) 


16.5 





41 


22.2 


X 14.3 


(17.2) 





20 


40.0 


X 


26 


7 


(3.4) 


+2 


0206+35 


16.5 





34 


21.4 


X 11.9 


(9.2) 





16 


42.2 


X 


24 


7 


(8.6) 


+2 


0222+36 


16.5 





43 


16.7 


X 15.6 


(39.2) 





22 


35.0 


X 


30 


4 


(23.4) 


+2 


0258+35'' 


16.5 















13 


28.9 


X 


16 


8 


(1.5) 


+0.4 


0326+39 


16.5 





39 


19.2 


X 13.4 


(2.4) 





19 


38.1 


X 


26 


8 


(-1.2) 


+2 


0331+39 


16.5 





37 


17.5 


X 14.7 


(-11.1) 





18 


38.7 


X 


24 


9 


(1.3) 


+2 


0648+27'= 


16.5 





41 


25.5 


X 11.2 


(-0.4) 





14 


48.1 


X 


24 


2 


(1.0) 


+1 


0722+30'* 


20.6 





29 


11.9 


X 10.6 


(2.8) 





19 


19.0 


X 


17 


5 


(-24.5) 


+2 


0924+30 


16.5 





51 


25.1 


X 8.6 


(10.2) 





42 


50.7 


X 


19 





(10.2) 


+1 


1040+31 


16.5 


1 


18 


29.8 


X 9.7 


(19.0) 





52 


60.5 


X 


24 


1 


(20.7) 


+2 


1108+27 


20.6 





47 


13.4 


X 11.1 


(-41.8) 





31 


19.5 


X 


19 





(88.8) 


+2 


1122+39 


20.6 





79 


15.0 


X 10.5 


(-62.8) 





50 


21.7 


X 


17 


7 


(-81.3) 


+2 


1217+29= 


16.5 















37 


28 


X 


14 




(11) 





1321+31 


20.6 





36 


11.5 


X 11.3 


(-25.6) 





28 


16.5 


X 


16 





(-57.3) 


+2 


1322+36 


20.6 





30 


13.3 


X 12.5 


(-72.8) 





26 


15.1 


X 


14 


3 


(-86.6) 


+0.5 


1447+27 


16.5 





70 


34.4 


X 13.6 


(-1.9) 





41 


61.6 


X 


24 


6 


(-0.9) 


+2 


1658+30 


16.5 





39 


23.8 


X 12.6 


(1.9) 





20 


41.8 


X 


24 


6 


(1.3) 


+2 


2116+26 


16.5 





38 


25.2 


X 12.6 


(-3.4) 





19 


45.3 


X 


24 


6 


(-1.7) 


+2 


2229+39 


16.5 





38 


18.7 


X 13.2 


(1.5) 





19 


35.6 


X 


25 


9 


(-2.4) 


+2 


1557+26 


16.5 





64 


23.9 


X 11.8 


(-0.3) 





39 


43.9 


X 


20 


7 


(-0.1) 


+1 


NGC 3894 


8.2 





71 


13.2 


X 11.5 


(0.4) 





48 


46.1 


X 


41 


3 


(0.0) 


+2 



Notes — Av = channel sep aration; (1) = noise le vel (mjy beam ^); (2) = beam- size (arcsec^); (3) = posit ion angle (°); ( 4) rob ustness 
p arameter. References: a ) . iMorganti et al ] ll2009h : b). Struve et al. (in prep.); cV lEmonts et al.l l|2006h : dV lEmonts et al.l l|200§); 
e'l lMoreanti et al.l ||2006| ') 



3.2 Optical imaging 

Deep optical B- and V-band images were taken for all the 
radio galaxies in our sample with large-scale H I gas detected 
in emission. The observations of all but one of our objects 
were done on 12, 13 and 14 March 2007 at the Hiltner 2.4m 
telescope of the Michigan-Dartmouth- MIT (MDM) observa- 
tory, located at the southwestern ridge of Kitt Peak, Arizona 
(USA). Imaging was done using the Echelle CCD, resulting 
in a field-of-view (F.o.V.) of 9.5 x 9.5 armcin. B2 0258+35 
was observed on 15 November 2006 at the Hiltner 1.3m 
MDM telescope with the Templeton CCD, resulting in a 
F.o.V. of 8.5 X 8.5 arcmin. All observations were taken in 
relatively good to moderate seeing (1 — 2 arcsec) and un- 
der photometric conditions. Table |4] summarises the obser- 
vational parameters. Because we are interested in studying 
very faint stellar features, detection of those features in both 
B- and V-band data assures their validity. In this paper we 
present the available B-band imaging, although we note that 
all the features presented and discussed in this paper are also 
detected in our V-band data0 

We used the Image Reduction and Analysis Facility 
(IRAF) to perform a standard data reduction (bias subtrac- 
tion, flat-fielding, frame alignment and cosmic-ray removal). 
Probably due to minor shutter issues, a gradient was present 
in the background of the 9.5 x 9.5 arcmin CCD images ob- 

^ For B2 0648+ 27 we present the co-added B+V-band data, as 
described in .Emonts et al. I ll2008bl') . 



Table 4. Optical observations 



B2 Source 


MDM 


Obs. date 


Int. time 


airmass 


0258+35 


1.3m 


15/11/06 


60 min 


1.0-1.1 


0648+27 


2.4m 


13/03/07 


60 min 


1.0-1.1 


0722+30 


2.4m 


13/03/07 


60 min 


1.0-1.2 


1217+29 


2.4m 


14/03/07 


40 min 


1.1-1.2 


1322+36 


2.4m 


14/03/07 


45 min 


1.1-1.3 


NGC 3894 


2.4m 


14/03/07 


50 min 


1.1 



tained with the EcheUe CCD. We were able to remove this 
effect to a significant degree by fitting a gradient to the back- 
ground in the region surrounding our targeted objects and 
subsequently subtracting this background-gradient from our 
data. This method worked better for galaxies that covered 
only a smaU part of the CCD's F.o.V. (B2 0648+27 and 
B2 0722+30) than for galaxies that covered a large fraction 
of the CCD (B2 1217+29, NGC 3894 and B2 1322+36). 
The residual errors in the background subtraction are still 
visible in Fig. [1] This background issue made it impossible 
to obtain reliable flux and colour information from the B- 
and V-band images (in particular in the low-surface bright- 
ness regions). We therefore did not attempt an absolute or 
relative flux calibration of our sources. Using KARMA, we 
applied a world coordinate system to the images by identi- 
fying a few dozen of the foreground stars in a Sloan Digital 
Sky Survey (SDSS) image of the same region. The newly ap- 
plied coordinate system agrees with that of the SDSS image 
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to within 1 arcsec. This is good enough for comparing the 
optical with the H I data, since the latter have a much lower 
resolution (see Table [S}. 



4 RESULTS 

As can be seen in Table [5] HI in emission is associated 
with seven of the 23 radio galaxies in our sample, while nine 
sources show indications for H I absorption against the radio 
continuum. 

Total intensity images of the HI emission-line struc- 
tures are shown in Fig. [T] together with deep optical imag- 
ing of their host ga laxies (B2 0055+30 is presented in 
iMorganti et al.l |2009| . and therefore not repeated in Fig. 
[T]). Table |S] summarises the HI properties. For five of the 
seven detections (B2 0258-1-35, B2 0648+27, B2 0722+30, 
B2 1217+29 and NGC 3894) the HI gas is distributed in 
a regularly rotating disc- or ring-like structure with a mass 
of a few xlO* — IO^'^A/q and a diameter of several tens to 
hundreds of kpc. For two radio galaxies (B2 0055+30 and 
B2 1322+36), patchy HI emission is observed, but the to- 
tal mass associated with it is comparable to the upper limits 
that we derive for the non-detections. Since B2 0055+30 and 
B2 1322+36 are in the middle part of the redshift range of 
our sample sources, it is thus possible that sensitivity issues 
limit finding similar patchy, low-mass H I emission in the 
higher redshift sources in our sample. 

The upper limits for the non-detections are estimated 
assuming a potential 3(t detection smoothed across a veloc- 
ity range of 200 km s~^ (therefore resembling the large-scale 
HI structures that we detect): 

Muppcr „ „„ ,„5 n2 o A /200 km/s 

— = 2.36 ■ 10 xD x^sctXAuxW — (1) 

Mq \ Av ^ ' 

where Ssa is the 3a noise level per channel (in Jy beam~^, 
from the robust weighted data), D the distance to the galaxy 
(in Mpc) and Av the channel width (in km s~^) - see Tables 
□ andU 

Hi absorption is unambiguously detected against the 
radio continuum of six of our sample sources, while an- 
other three show tentative evidence for absorption, which 
has to be confirmed with additional observations (see Fig. 
[21 . All sources for which HI has been detected in emission 
also show unambiguous HI absorption, except B2 1217+29. 
For all nine sources that show (tentative) absorption, an H I 
absorption profile is seen against the central region of the 
galaxy. For eight of the nine sources the central absorption is 
spatially unresolved. Only for B2 1322+36 the absorption is 
slightly extended against the resolved radio continuum (see 
Fig. [T|. Two sources (B2 0055+30 and B2 1321+31) show 
evidence for multiple absorption components. B2 0055+30 
shows two components against t he central radio conti nuum 
(a broad and a narrow one, see lMorganti et al]|2009l . and 
Appendix while B2 1321+31 shows a second, spatially 
unresolved, tentative component against the outer edge of 
one of the radio lobes (see Fig. [3]). Table [5] includes both 
components for these two sources. 

Table O lists the optical depth and column density of 
the absorption features. The optical depth (r) is calculated 
from: 



e-^^l-^, (2) 

where S'abs is the peak flux density of the absorption and 
Scant the flux density of the underlying radio continuum. 
Subsequently, the HI column density (A'hi) is given by: 

iVm (cm"^) = 1.8216 ■ 10^** x T^pin x J t(v) dv, (3) 

where v is the velocity and Tspin the typical spin tem- 
perature of the HI gas, assumed to be lOOK. The HI 
column densities have been derived assuming a covering 
factor of 1 for the gas that overlies these radio sources. 
For non-detections an upper limit is calculated assuming a 
potential 3a detection (uniform weighting) spread over 100 
km s~^. 

Appendix |X] gives a detailed description of the individual 
objects in which HI is detected in emission or absorption. 
In the remainder of this Section we will describe the general 
H I properties of the sample as a whole. Section 14.11 will 
summarise the HI emission properties, followed by the HI 
absorption results in Sect. 14.21 



4.1 H I emission 

H I emission has been detected in 7 of the 23 sample galax- 
ies. When taking into account only the complete sample (so 
without B2 1557+26 and NGC 3894; Sect. [I}, our detection 
rate is 29%. In Sect. l5.3l we compare this detection rate with 
that of radio-quiet early-type galaxies. 

Before summarising the sample properties in detail, we 
first check whether the presence of large-scale H I emission- 
line gas depends on some important parameters of the galax- 
ies in our sample. Figure |4] shows histograms of the distribu- 
tion of both the H I detections and non-detections regarding 
the optical morphological class and absolute visual magni- 
tude (Mv) of the host galaxy, as well as the total power 
(PiAGUz) of the radio source. Although we have to be care- 
ful with our small-number statistics, there is no apparent 
bias in detecting HI regarding these various observables 
(see Sect. 14.1.11 for a more in-depth discussion on the op- 
tical morphologies of the host galaxies). It is interesting to 
note that the range of absolute visual magnitudes among our 
sample sources covers the intermediate- and high-mass end 
of the galaxies from the Sloan Di gital Sky Survey us ed in 
the Colour-Magnitude relations bv lBaldrv etli] (|2004l '). We 
therefore do not observe a difference in H I content among 
early-type galaxies of different mass in our sample. 

Above an H I mass of 10* M©, all H I structures detected 
in our sample are fairly regularly rotating discs or rings (al- 
though a varying degree of asymmetry is still visible in these 
structures). We find no clear evidence for ongoing gas-rich 
mergers in the form of long gaseous tidal debris (although 
B2 0648+27 is clearly a post-merger system; see Appendix 
[X)) . One potential worry is that the sensitivity of our HI 
observations is not ideal for detecting lo w surface brightness 
tidal f eatures that are not (yet) settled. ICreene. Lim. fc Hd 
l|2004l) show that for decreasing sensitivity to detect HI in 
emission, complicated velocity structures in H I tend to wash 
out and the HI often gets a more sm ooth and rotating ap- 
pearance. Nevertheless, in lEmontj (200 6) we showed ex- 
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Table 5. HI emission and absorption results 



Source 


HI 


HI mass 


H I contours 


HI 


T 


A^HI (Tepin = lOOK) 


B2 name 


emission 


(xlO^Me) 


(xl020 cm-2) 


absorption 


(%) 


X 


1020 cm-2 


0034+25 


- 


<1.6 


- 


- 


<8.7 




<16 


0055+30" 


+ 


0.66 


- 


+ 


1 


(broad) 


2.5 








- 




5 


(narrow 


) 4.5 


0104+32 


- 


<0.41 


- 


- 


<0.3 




<0.6 


0206+35 


- 


<1.6 


- 


- 


<0.3 




<0.5 


0222+36 


- 


<1.8 


- 


(+) 


1.0 




1.0 


0258+35* 


+ 


180 


0.26, 0.77, 1.3, 1.8, 2.3, 2.8, 3.3, 2.9, 4.4 


+ 


0.23 




1.2 


0326+39 


- 


<0.82 


- 


- 


<1.5 




<2.8 


0331+39 


- 


<0.55 


- 


- 


<0.2 




<0.3 


0648+27^= 


+ 


85 


0.22, 0.36, 0.52, 0.71, 


+ 


0.74 




2.8 








0.95, 1.2, 1.5, 1.8, 2.1 










0722+30'' 


+ 


2.3 


0.63, 1.2, 1.8, 2.7, 3.3, 4.3, 5.3, 6.3, 7.7 


+ 


6.4 




29 


0924+30 


- 


<2.0 


- 


- 


<38 




<69 


1040+3lt 


- 


<4.9 


- 


- 


<1.1 




<2.0 


1108+27 


- 


<2.8 


- 


- 


<2.0 




<3.7 


1122+39 




<0.19 






<11 




<20 


1217+29= 


+ 


6.9 


0.1, 0.25, 0.5, 1.0, 2.5 


- 


<0.15t 




<0.27 


1321+31 


- 


<0.59 


- 


(+) 


5.5 


(nuc.) 


4.9 












25 


(lobe) 


36 


1322+36 


+ 


0.69 


1.7, 2.3, 2.8 


+ 


1.3 




3.0 


1447+27 




<2.8 




(+) 


0.87 




2.9 


1658+30 




< 1.7 






<1.3 




<2.3 


2116+26 




<0.34 






<1.3 




<2.4 


2229+39 




<0.40 






<0.7 




<1.2 


1557+26 




<5.5 






<6.2 




<11 


NGC 3894 


+ 


22 


0.17, 0.49, 0.87, 1.7, 3.2, 4.6 


+ 


4.1 




14 



'+' = detection, '(+)' = tentative detection, '-' = non-detection; Column 4 lists the HI contours as shown in Figure[Tl ^We note that 
the H I data of B2 1040+31 (taken with WSRT during service time) are of poor quality. Given the peculiar radio continuum morphology 
of B2 1040+31 llParma et al.lll986l ^. this system deserves further HI follow-up; ^ Pos sible confusion w ith HI emission; Referen ces: a). 
iMorganti et al.l ||2009| '); b)."struve et al. (in prep.); cV femonts ct al.. (2006); d). E monts et al.l ||2009|) ; e) lMorganti et al.l ||2006| ) 



amples of galaxies within the F.o.V. of our radio sources 
(but physically unrelated) that do show extended and com- 
plex tidal HI structures, which shows that we are sensitive 
enough for observing such features at the redshift of our 
sample sources. 

Table [6] gives Mh i/iv for our HI detected radio galax- 
ies. The large spread in Mh i/Ly for these galaxies (rang- 
ing from 0.0005 to 0.44 Mpt/L p)) is consistent with a large 
spread of Mh i/I/b found by Knapp. Turner, fc Cunnifig 
1 19851 ) and lMorganti et al.l (|2006l ) for elliptical galaxies (be- 
cause our B-band data were not optimised for photometric 
studies, we had to rely on available V-band magnitudes from 
the literature; see Table [T]). The large spread in Mh i/Lb 
for elliptical galaxi es co mpared to spir a l gal axies has led 
iKnapp et al] (|l985l ) and iMorganti et all (|200Q ) to conclude 
that the H I gas in ellipticals is decoupled from the stars and 
has an external origin. The possible formation mechanism 
of the large-scale HI discs/rings in our sample sources will 
be discussed in detail in Sect. 15. Il 

Perhaps the most intriguing result from our HI study 
is that galaxies with large amounts of extended HI (Mhi > 
10^ Mq) all have a compact radio source, while none of the 
host galaxies of the more extended FR-I type radio sources 
shows similar amounts of H I. This is illustrated in Fig. 
where we plot the total mass of HI detected in emission 
against the linear size of the radio sources. In Paper I we 



already presented and discussed this segregation in large- 
scale H I content between compact sources and extended FR- 
I sources, suggesting that there is a physical link between 
the properties of the central radio source and the large-scale 
properties of the ISM. In Sect. 15.21 we will briefly review our 
conclusions from Paper I. 

All but one (B2 1322+36) of the radio sources in our 
sample that contain HI emission are also detected in the 
infra-red (IR) at 60^m (s ee Table [T] IR data are taken from 
llmpev &c Gregorinilll99 A and references therein). However, 
as can be seen from Fig. [G] when taking into account the 
distance to the sample sources and hence converting the 
IR flux-density to IR luminosity (using the simple conver- 
sion = 47rD2 5'^), there is no clear correlation between 
large-scale HI mass content and IR- luminosity. It is inter- 
esting, though, that B2 0648+27 and B2 0722+30 have by 
far the highest IR-luminosity of our sample sources (both at 
60 and lOO^m). The 60/im emission is expected to trace 
cool dust that could predominant ly be heated by young 
stars (e.g. ISanders &: Mirabellll996l ). Indeed, spectral anal- 
ysis revealed evidence for a prominent young stellar pop- 
ulation througho ut the host galaxy for bo th B2 0648+27 
and B2 0722+30 jEmonts et al.ll2006l . [ioogj ). Based on the 
IR-luminosity alone, we do not expect young stellar popula- 
tions as prominent as in B2 0648+27 and B2 0722+30 to be 
present in the other radio sources in our sample (although a 
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Figure 1. Total intensity maps of HI emission and deep optical imaging of our Hl-detected sample sources. Three plots are shown for 
each source; the left plot shows the HI contours overlaid onto our deep optical image, the middle shows the same HI contours overlaid 
onto a high-contrast representation of the deep optical image, the right plot emphasises the optical features of the main stellar body of 
the galaxy from our deep imaging. Contour levels of HI emission are given in Table [5l 



smaller contribution from young stars cannot be ruled out; 
see e.g. I Wills et aLlliooi ). 

4-1.1 Optical morphology 

Despite the morphological and kinematical similarity of the 
large-scale HI discs/rings, the optical host galaxy morphol- 
ogy of the HI detected radio gala:xies varies significantly 
(see Fig. [T]). While the merger remnant B2 0648-1-27 shows 
a distorted structure and a faint stellar ring, B2 0722-1-30 
and B2 0258-1-25 contain a clear stellar disc. These three 



systems therefore contain a (faint) optical counterpart to 
the large-scale HI structure. Contrary, B2 1217+29 and 
NGC 3894 have the apparent morphology of dust-lane el- 
lipticals and only a bulge component is visible in our deep 
optical imaging. We note, however, that these two galaxies 
fill a substantial part of the CCD and serious limitations 
in the background subtraction of the optical data limit our 
ability to trace faint stellar light across the region where the 
HI stretches (see Sect. Moreover, NGC 3894 contains 
a very faint dust-lane that stretches in the same direction 
as the HI disc. Since the HI disc is viewed edge-on, it is 
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Figure 1. — continued. The left plots show the contours of HI emission overlaid onto our deep optical image (for B2 1322+36) or an 
optical SDSS image (for B 2 1217+19 and NGC 3894), which has a larger field-of-view than our deep optical image. The HI image of 
B2 1217+29 is taken from iMorganti et alj ||2006| ). The left plot of B2 1322+36 also shows the contours of radio continuum (grey) and 
HI absorption (white). For B2 1322+36 and NGC 3894, position- velocity (PV) plots of HI emission (black contours) and absorption 
(grey contours) are also shown, taken along the lines indicated in the left plots. The middle plots of B2 1217+29 and NGC 3894 show 
a high-contrast representation of our deep optical image. The right plots emphasise the optical features of the main stellar body of the 
host galaxies (in particular the faint dust lanes in B2 1217+29 and NGC 3 894) as well as sever al companion systems from our deep 
imaging. For all plots, contour levels of HI emission are given in Table O See lEmonts et al.l | |2007|'| for more details on contour levels of 
H I absorption, radio continuum and the PV-plots of B2 1322+36 and NGC 3894. 



possible that significant extinction may obscure a very faint 
stellar counterpart to the large-scale HI disc. 



4- 1-2 HI environment 

Many of our sample sources contain H I-rich galaxies in their 
environment. Howev er, with the exceptio n of the late- type 
galaxy B2 0722+30 l|Emonts et all 12009'') . none of our tar- 
geted B2 radio galaxies shows any obvious evidence in H I for 
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Figure 2. Central HI absorption profiles of our sample sources. The plot of B2 0055+30 is taken from lMorganti et al ] Hooi), while the 
plot of B2 0258+35 is from Struve et al. (in prep.). The velocities are given in optical definition. The bar indicates the systemic velocity 
traced with optical emission lines. Values of v^ys are taken from NED (unless otherwise indicated in Appendix |XJ . The arrow indicates 
the direction of increasing redshift velocity - the right and left pointing arrows correspond to the WSRT and VLA data respectively. 
Our classification of 'tentative' is based on the weakness of the 'signal' in combination with the quality of the data-cubes. 
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Figure 3. Tentative HI absorption profile of B2 1321+31 against the outer western radio lobe. 



ongoing interactions with Hl-rich companions (in the form 
of tidal- bridges, -arms or -tails). Features such as the clouds 
of HI gas in between B2 1322+36 and its companion, the 
faint tails of H I gas stretching off the disc in B2 1217+29 and 
the slight distortion in the H I discs around B2 0258+35 and 



NGC 3894 could, however, present more subtle indications 
for less violent, gas-poorer or older interactions. A quantita- 
tive study of gas-rich companions in the environment of our 
sample sources would be interesting for estimating the HI 
accretion rate/probability in nearby radio galaxies through 
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Figure 4. Histogram of tiie H I-emission detections and non-detections in our sample regarding the total power of the radio source at 
1.4 GHz (left) as well as Afv (middle) and morphological type (right) of the host galaxy. (Values are taken from Table [T]) 



Table 6. HI around radio galaxies. Given is the name, the NGC number, the total H I mass detected in emission, the diameter of the H I 
structure (or distance to the host galaxy for B2 1322+36), the peak in HI surface density, the relative HI content and the morphology 
of the HI structure (D = disc, R = ring, C = cloud). 
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HI 
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0055+30 " 


315 


6.8x10^ 


10 


1 


0.0005 


C 


2 


0258+35 


1167 


1.8x101" 


160 


2.7 


0.44 


D 


3 


0648+27 " 




8.5x10^ 


190 


1.7 


0.052 


R 


4 


0722+30 




2.3x10* 


15 


4.1 


0.017 


D 


5 


1217+29 " 


4278 


6.9x10* 


37 


2.0 


0.022 


D 


6 


1322+36 


5141 


6.9x10^ 


20 


3.7 


0.002 


C 


7 




3894 


2.2x10'' 


105 


3.8 


0.028 


R/D 



References; a^. lMorganti et al.l i200^ : b). Struve ct al. (in prep.); cl jEmonts et al.l ||2006|) : dl. lEmonts et al.l | |2009|) : el. iMorganti et al.l 

mm 



such less violent galaxy encounters. However, this is beyond 
the scope of the current paper and will be presented in a 
future publication by Struve et al. (in prep). 



4.2 H I absorption 

H I is unambiguously detected in absorption against the ra- 
dio continuum for 6 of the 23 sample sources, while three 
more sources show a tentative detection (see Fig. [2]). The 
detection rate of HI absorption in our complete sample is 
therefore 24 — 38% (depending on whether or not the three 
tentative detections are included). For the compact sources 
and extended FR-I sources, the detection rates are 33 — 67% 
and 20 — 27% respectively. 

Our detection rate of e xtended FR-I sources is slightly 
higher than that derived bv lMorganti et al] l|200ll ) (who de- 
tect HI absorption in 10% of FR-I sources from the 2-Jy 
sample). However, when excluding the rare disc-dominated 
radio galaxy B2 0722+30 from our statistics (see Appendix 

our detection rate drops to 14 — 21%. This is in rea- 
sonab le agreement with the values found bv lMorganti et al] 
l|200ll ), given the low number statistics in their 2-Jy sample 
and the fact that their upper limits on the optical depth 
are almost a factor 2 larger than those in our B2 sample. It 
is interesting to note, however, that the FR -I radio sources 
in the 2-Jy sample of iMorganti et al.1 (|200ll ) are on average 
more than an order of magnitude more powerful at 1.4 GHz 
than the FR-I sources in our B2 sample. These HI absorp- 
tion results therefore suggest that more powerful FR-I radio 



sources do not have a higher detection rate of H I absorption 
compared with less powerful FR-I sources. 

Our detection rate of compact sources is in 
good agreement with the detec ti on ra te of 54% that 
iPihlstrom. Conway, fc VermeulenI l|2003l ) derive for a 
large sample of Gigahertz Peaked Spectrum (GPS) and 
Compact Steep Spectrum (CSS) sources, despite the 
significantly low er radio power of our sources. Inter e stingly , 
IPihlstrom et^ l|2003l) . and later iGupta et al] (|200g ). 
detect an anti-correlation between the projected linear 
size of compact radio sources and the HI column density. 
Since this anti-correlation is attributed to a gradient in the 
distribution of the cool ISM in the central region of the 
radio galaxies, it seems that it is not immediately related to 
the segregation that we find in H I content between compact 
and extended sources (Sect. |4T|) . 

For most cases, the peak of the H I absorption appears 
to coincide with the systemic velocity as derived from optical 
emission lines. For B2 0055+30, the HI absorption is clearly 
redshifted with respect to the systemic veloci ty and part of it 
could represent gas falling into the nucleus (|Morganti et al.l 
|2009| ). For two other sources (B2 0222+36 and B2 1321+31) 
there are also indications that the peak of the HI absorp- 
tion is redshifted with respect to Vsya, but these detections 
are only tentative and we argue that the uncertaintly in 
Vaya determined from optical emission-line is too large to 
make any claims. Many of the H I absorption profiles in our 
sample are resolved in velocity and show both blue- and 
redshifted components, consistent with what is frequently 
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Figure 5. Total HI mass detected in emission plotted against the 
linear size (diameter) of the radio sources. In case of non-detection 
a tight upper Hmit (3(t across 200 km s-i) is given. The numbers 
correspond to the sources as they are given in Table |6] 



5 DISCUSSION 

The H 1 results presented in this paper provide - for the first 
time - a systematic insight into the properties of cold gas 
in nearby, low-power radio galaxies. In this Section we dis- 
cuss these HI results in order to investigate the nature of 
low-power radio galaxies in more detail. In Sect. IS.ll we first 
summarise the HI characteristics of our sample and con- 
clude that, generally, we find no clear evidence for ongoing 
gas-rich galaxy mergers and interactions among our sample 
sources. Section [5.21 discusses the fact that large amounts of 
H I gas are only found around compact radio sources in our 
sample, while extended FR-I sources lack similar amounts 
of H I gas. The possible explanations for this segregation in 
H I mass with radio source size are revisited from Paper I. In 
Sect. l5.3l the HI properties of our sample of low-power radio 
galaxies are compared with those of radio-quiet early-type 
galaxies, and from that comparison we find no clear dif- 
ferences. Section 15.41 summarises our understanding of the 
nature of low-power radio galaxies. 



observed in cornpact radio sources (IVermeulen et al.ll2003l : 
iPihlstrom et al.ll2003l : [Cupta et al.ll2006l ). 

In contrast to the HI emission results, there is no clear 
trend between radio source size and the presence of H I ab- 
sorption. We note, however, that the strength of the under- 
lying radio continuum as well as the geometry of the absorb- 
ing H I gas are important selection effects that influence our 
absorption results, while they are not relevant for detecting 
HI in emission. 

All the galaxies in our sample that are unambiguously 
detected in absorption also show H I emission-line structures 
at the same velocity. In fact, only one galaxy in the sample 
that is detected in emission is not detected in absor ption, 
namely B2 1217-1-29, although [Morganti et all l|2006l ) show 
that the large-scale HI matches very well the ionised gas 
in the central region of this galaxy. The remaining three 
H I absorption systems show only tentative detections. This 
strongly suggests that at least a signiGcant fraction of the 
HI gas in many nearby absorption systems is part of gaseous 
structures on scales larger than just the (circum)-nuclear 
region. This is also in agreement with the idea that FR- 
I sources do not necessarily r equire a geomet r ically thick 
torus, as already suggested by iMorganti et al.1 (|200ll ) from 
the above mentioned low detection rate of HI absorption 
among FR-I sources in the 2-Jy sample (although we note 
that ther e are FR-I sources f or which the AGN is hidden by 
dust, e.g. iLeipski et al.ll2009l '). 

The HI absorption characteristics of B2 00554-30 and 
B2 1322-1-36 indicate that extended HI does occur in some 
FR-I radio galaxies, but generally in much lower amounts 
than that associated with a significant fraction of the com- 
pact sources in our sample. However, the low detection rate 
of off-nuclear H I detected in absorption against the extended 
radio lobes of FR-I sources also suggests that such extended 
H I structures are not a commonly observable feature among 
FR-I radio galaxies. 



5.1 H I characteristics 

Large-scale H I is associated with seven of the radio galax- 
ies in our sample. The overall HI properties of our sample 
sources show a morphological trend in the sense that to- 
ward the high-mass end all the H I structures are fairly reg- 
ularly rotating discs/rings. Only the two HI detections at 
the low-mass end (several x 10^ A/0) appear much more ir- 
regular/clumpy. The regular kinematics of the large-scale H I 
discs/rings in our sample suggest that the gas is either set- 
tled or in the process of settling. The morphology of these 
large-scale HI structures is fairly uniform, although their 
sizes differ significantly (from 15 to 190 kpc) and their op- 
tical host galaxies show a range of morphologies. 

In this Section we discuss in detail what physical pro- 
cesses may have formed the observed HI structures in our 
sample. This provides us with information about the evolu- 
tionary history of the host galaxy, which will be useful for 
the remainder of the Discussion. 

Major merger or collision: 

We find no evidence for ongoing gas-rich major mergers (i.e. 
mergers between galaxies with roughly equal mass) or mas- 
sive galaxy collisions - in the form of large-scale tidal tails 
or bridges of HI gas - among our sample sources. However, 
as we described in detail in Paper I, the formation of a large- 
scale disc-like structure may be the natural outcome of a ma- 
jor merger between gas-rich galaxies over the time-scale of 
one to several Gyr (which at the same time also results in the 
form ation of an early-ty pe host galaxy from the merging sys- 
tems; iHibbard fc van G orkom 1996). This scenario has been 
unambiguously verified only for B2 0648-1-27, whose HI ring 
is gaseous tidal debris that is s ettling after a major merger 
occurred roughly 1.5 Gyr ago l|Emonts et al.l |2006| . l2008bl. 
see also Appendix E]) . For the other large-scale HI discs 
in our sample, such a formation history is not immediately 
obvious; their host galaxies appear to have a more regular 
optical morphology without evidence for prominent stellar 
tidal features (Fig. [T| and they do not show evidence for 
a young stellar populatio n as prominen t as in B2 0648-1-27 
across the bulge region lEmontdlioO^ ). Nevertheless, the 
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Figure 6. Total HI mass detected in emission plotted against the dO/im (left) and lOO^m (right) IRAS luminosity. The arrows represent 
upper limits. The numbers correspond to the sources as they are given in Table [6] 



surface brightness of the large-scale HI discs/rings is prob- 
ably too low for vigorous star formation to occur and hence 
they are likely to survive for many Giga-years. It is possible 
that the large, regular disc of B2 0258-1-35 and elliptical mor- 
phology of NGC 3894 and B2 1217-1-29 reflect more evolved 
stages in the evolution of a merger-system compared with 
B2 0648-^27. 

Galaxy interactions: 

None of the radio galaxies in our sample show clear signs 
of ongoing gas-rich interactions with nearby companions. 
The only exception is the rare disc-dominated radio galaxy 
B2 0722-1-30, which shows that - perhaps under specific cir- 
cumstances - a classical radio source ca n occur in a system 
that is undergoing gas-rich interactions (|Emonts et al.ll2009l . 
see also Sect. [5A3|) . Nevertheless, our HI results indicate 
that low-power radio galaxies in general are not associated 
with violent, ongoing galaxy interactions that involve more 
than a few x 10* M0 of H I gas. In Sect. l4.l'!2l we already men- 
tioned that smaller amounts of patchy H I emission (such as 
the clouds of H I emission observed in B2 1322-1-36) or slight 
distortions in the large-scale H I discs could possibly be more 
subtle indications for less violent, gas-poorer or older galaxy 
interactions. 

Accretion of small companions: 

The presence of small amounts of HI gas (< few x 10*Mq), 
for example in the case of B2 0055-1-30, could potentially be 
the result of the (continuous) accretion of gas from small 
companions. Such events are not likely to leave obvious ob- 
servational evidence of the actual accretion event (or even in 
the total amount of H I gas) at the sensitivity of our observa- 
tions. Fr om a much more s ensiti ve study of H I in early-type 
systems, lOosterloo et al.l (|201G| . see Sect I5.3|l suggest that 
accretion of cold gas - likely over long time-scales - may be 
a common feature among field early- type galaxies. They es- 
timate, however, that the typical observable total HI accre- 
tion rate is smaller than 0.1 Mq yr~^ ( compared to at leas t 
0.2 Mq yr~^ for field spiral galaxies; ISancisi et al.|[200^ . 
We therefore argue that accretion of H I gas from small com- 
panion galaxies does not provide a sufficient explanation for 
the formation of the large-scale HI discs (with an HI mass 
of several xlO^ - 10^° Mq) that we detected in our sam- 



ple, because in that case either the number of events must 
be unphysically large, or the companion systems are large 
enough that the encounter would have resulted in a more 
violent galaxy-galaxy interaction or merger. It could, how- 
ever, explain the presence of small clouds of HI gas within 
the host galaxy, as for example detected in B2 0055-f30. 
As mentioned in Sect. I4.1T2] estimates of the rates at which 
accretion of small gas-rich companions occurs in low-power 
radio galaxies can potentially be investigated by studying 
in detail the environment of nearby low-power radio galax- 
ies (and comparing this with their radio-quiet counterparts), 
but this is beyond the scope of the current paper. 

Cold accreti on of the IGM: 

iKeres et al.l 12005) show that gas from the inter-galactic 
medium (IGM) can be cooled along filamentary struc- 
tures without being shock-heated, resulting in the ac- 
cretion of c old g as onto the host galaxy. According to 
ISerra et al.l (|2006h . the process of building a gaseous disc 
of about W^^Mq through the process of cold accretion is 
certainly viable a nd ta kes many Gyrs. On smaller scales, 
iKaufmann et al] l|2006l ) show that through the cooling of 
hot halo gas, cold gas can be assembled onto a galactic disc. 
It thus seems possible that this cold accretion scenario is a 
potential process for forming - over long timescales - the 
range of H I structures that we observe in our sample. 

Of course, the galaxies in our sample are evolving continu- 
ously and it is certainly possible that a combination of the 
above mentioned mechanisms has occurred during their for- 
mation history. For example, the regular appearance of the 
HI disc in B2 1217-1-29, combined with the typical elliptical 
morphology of the host galaxy, suggest that the system is 
old and that the H I disc was created a long time ago. How- 
ever, the two tails of H I gas th at stretch from either side of 
the disc (|Morganti et al.l|2006l ) also suggest that the system 
is currently still accreting gas. 

The possibility that large-scale HI structures can be 
gradually assembled during the evolutionary history of 
early-type galaxies is supported through rec ent numerical 
simula tions of 'morphological quenching' by iMartig et al.l 
l|2009l ). They suggest that transformation from stellar discs 
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to spheroids will stabilise the gas disc, quench star formation 
and create a red and dead early-type system while gas accre- 
tion continues. We argue that a stabilising factor (whether 
from the transformation from discs to spheroids or from the 
bulges of the galaxies themselves), but certainly also the 
low column densities of the gas, mean that the presence and 
ongoing accretion of large reservoirs of cold gas may occur 
naturally in early-type galaxies. 

Despite the fact that the H I emission properties can be 
used to investigate the formation history of the gas-rich host 
galaxies in our sample, it is good to keep in mind that for 
the majority of our sample sources (71%) no HI emission- 
line structures have been detected. As we will see in the next 
Section, this H I deficiency is particularly pronounced for the 
host galaxies of extended FR-I sources. In Sect. [5^ we will 
discuss in detail the nature of these H I poor FR-I sources. 



5.2 The 'H I mass - radio size' segregation 

As mentioned in Sect. 14.11 large amounts of HI gas 
(Mhi > 10® Mq) are only associated with the host galaxies 
of compact radio sources in our sample, while none of 
the host galaxies of the more extended FR-I radio sources 
shows similar amounts of large-scale HI. A well known 
compact radio source from the literature that also contains 
a massive large-scale HI disc (59 kpc in diameter and 
with Mm = 1.5 x Mq for Ho = 71 km s"^ Mpc'^) 
is the nea rby GPS source PKS B1718-649 (Pi.4GHz = 24.2 
W Hz-i; IVeron-Cettv et al.1 1 19951 : iTingav et all Il997h . In 
Paper I, we already discussed the observed segregation in 
large-scale H I mass content between compact and extended 
radio sources in our sample. It suggests that there is a 
physical link between the properties of the radio source and 
the presence of large-scale HI structures. In this Section, 
we will review the possible explanations for the observed 
segregation, as discussed previously in Paper I. 

Radio source ionisation/heating 

In Paper I we discarded the possibility that large-scale HI 
discs/rings similar to those observed around our Hl-rich 
compact radio sources are fully ionised when the radio jets 
propagate outward. Although such a process may be viable 
when the radio jets are aligne d in the plane of th e disc 
(as has been seen for Coma A: iMorganti et aDl2002l ). such 
a chance alignment is not expected to occur frequently. 
Indications that radio jets propagating perpendicular to 
a large-scale HI structure are not efficient in ionising the 
neutral gas on tens to hundreds of kpc scale come from 
the recent discovery of an enormo us HI disc in the ne arby 
powerful radio galaxy NGC 612 (lEmonts et al.l |2009| . see 
also Sect. I5.4.4|l and from the presence of a 15 kpc wide 
central HI disc in the vicinit y of fast prop agating radio 
continuum jets in Centaurus A (jCroston et al.ii2009, see also 
Sect. I5.4"t . In addition, extensive emission-line studies show 
that FR-I radio galaxies generally do not contain features 
of ionised gas as extended, massive and regularly rotating 
as the HI discs/rings that we find ar ound a sign i ficant 
fraction of our compact radio sources IIBaum et al 
iBaum fc Heckmanlll989l : iBaum et al.lll99l v 

The situation may be different if the large-scale HI 
discs/rings originated from the hot IGM that cooled and 



condensed onto the host galaxy in its neutral state (see 
Sect. 15. ip. Fo r X-ra y luminous clust ers and galaxy groups, 
iBirzan et al] (|2004l ') and .McNamara et al.1 j200^ showed 
that expanding X-ray cavities, produced by powerful ra- 
dio jets that interact with th e hot IGM, can in many cases 
quench cooling of this hot gas. lBest et al.l (|2006f ) argued from 
empirical evidence that in particular the moderately power- 
ful radio sources (similar in power to the FR-I sources in our 
sample) are most effective in self-regulating the balance be- 
tween cooling and heating of the hot gas surrounding these 
systems through recurrent activity. If this effect is strong 
enough and occurs also outside cluster environments, recur- 
rent activity in extended FR-I radio galaxies may perhaps 
prohibit HI structures from forming in the first place. An 
argument against this scenario could be the recent discov- 
ery of a very extended relic structure of radio continuum in 
our compact sample source B2 0258-1-35 (to be published in 
a forthcoming paper by Struve et al. [in prep.]). This indi- 
cates that the (recurrent) radio source in B2 0258-f 35 has 
not remained compact over the long time-scales required to 
build-up a large-scale H I discs through cold accretion. 

ConGnement 

A possible explanation for the observed segregation between 
HI mass and radio source size is that the Hl-rich com- 
pact radio sources do not grow into extended sources be- 
cause they are confined or frustrated by ISM in the cen- 
tral region of the galaxy. If the large amounts of HI gas 
at large radii refiect the presence of significant amounts of 
gas in the central region (e.g. as a result of a major merger, 
which both expels gas at larg e-scales and t ransports gas into 
the central kpc-scale region; iBarned [2003 1. the central ISM 
may be responsible for frustrating the radio jets if those are 
not too powerful. Interaction with the ambient medium has 
been suggested for each of the four m ost compact and most 
Hl-rich radio sou r ces in our sample (iGiroletti et al.l l2005al : 
iTavlor et al.lll998l : lGiroletti et aLllioOSd ). Although it is not 
clear how much gas is needed to confine a radio source (se e 
e.g. the discus s ion by [Holt. Tadhunter. fc Morgantl 120031 ) , 
IGiroletti et"aLl (|2005al lbl) argue that the relatively low power 
radio sources in NGC 4278 and B2 06484-27 cannot bore 
through the local ISM. 

Fuelling efEciency 

Alternatively, while large amounts of cold gas may provide 
sufficient material for fuelling the AGN, its distribution may 
be clumpy and the fuelling process may be inefficient. For 
example, while in a galaxy merger the geometry and the 
conditions of the encounter may be favourable to forming 
the observed large-scale H I structures and even deposit sig- 
nificant amounts of gas in the central kpc-scale region, they 
may perhaps not be efficient in continuously channelling gas 
to the the very inner pc-scale region. This may prevent sta- 
ble continuous fuelling of the AGN, so that large-scale radio 

stru ctures do not develop. 

ISaxton. Sutherland, fc Bicknelll l|200ll ) argue that 
galaxy mergers can also temporarily interrupt the AGN 
fuelling process. They show that this likely happened in 
the nearest FR-I radio galaxy Centaurus A (see Sect. [574)) . 
where the minor merger that formed the HI disc also 



© 2007 RAS, MNRAS 000, [T]-?? 



Hi in nearby radio galaxies 15 



likely shut down the radio-AGN for a period of ~ 10^ 
Myr, until re-started activity formed the compact inner 
radio lobes that we see today. It is also possible that 
the radio jets drive out substantial amounts of HI gas 
from the centre [as observed in the nearby Seyfert galaxy 
IC 5063 (lOosterloo et all l20qoll as well as more powerful 
radio sources llMorganti et al.ll 2003b': ' Morganti et al.ll2005l : 
iMorganti. Tadhunter fc Oosterloo ,.2C)05j)], terminating the 
fuel ling process of the com pact sources in our sample. 

iGiroletti et al.l (|2005al ) observed that the current radio 
source in B2 0258+35 displays variable levels of activity, sug- 
gestive of inefficient fuelling, and is therefore not expected 
to grow beyond the kpc-scale. As we will discuss in detail 
in Sect. 15.41 it has often been suggested that extended FR-I 
sources are fed through the accretion of hot circum-galactic 
gas. This likely results in a steady fuel supply, which allows 
these sources to grow to their large size before feedback ef- 
fects may kick in (e.g. lAllen et al.ll2006l ). 



In conclusion, we therefore argue that the observed 'H I mass 
- radio size' segregation in our sample is most likely the re- 
sult of either confinement /frustration of compact radio jets 
by a central dense ISM, or inefficient fuelling of a significant 
fraction of compact jets compared with a more steady fu- 
elling of extended FR-I sources. It is very well conceivable 
that a combination of both processes is at work in an envi- 
ronment where re-started radio sources continuously have to 
try to fight their way through a dense ISM until the fuelling 
process is temporarily halted. 

A similar segregation in HI mas s with radio source siz e 
is found for high-z radio galaxies bv Ivan Oiik et al.l l|l997f ). 
While they detect strong HI absorption in the majority 
of the galaxies' Lyo? halos, they also find that 90% of the 
smaller (<50 kpc) radio sources have strong associated HI 
absorption, whereas only a minority of the more extended 
sources contain detectable HI absorption. Van Ojik et al. 
prefer the explanation that these small radio sources re- 
side in dense, possibly (proto) cluster environments, where 
large amounts of neutral gas can exist and where the ra- 
dio source vigorously interacts with the ambient gaseous 
medium (although also other possible scenarios are dis- 
cussed). Although the radio galaxies in our sample are much 
less powerful and were selected not to lie in dense cluster en- 
vironments, it is nevertheless intriguing that we find a simi- 
lar segregation in H I content between compact and extended 
sources in the nearby Universe. 



5.3 Comparison radio-quiet early- type galaxies 

Over the past two decades, case studies of early-type 
galaxies have imaged large-scale H I structures associ- 
ated with these systems (see e.g van Driel et al. I 1 19881: 



Table 7. H I detection rates of the various samples of early-type 
galaxies 



van Driel fc van WoerdenI 1 19891: ISchiminovich et all 1 1994 



I995I : iMorganti et al. ' '1997'" van Gorkom fc SchiminovichI 
I997I : iSadlcr ct al. 2000; Oosterloo ct al.. l200ll . |2002| : 



Serra et al.ll2006l : iDonovan et al.li2009l ). Many of these large- 
scale HI structures have an HI mass and morphology sim- 
ilar to the structures that we find around the HI- rich ra- 
dio galaxies in our sample. Even a significant fraction of 
early-type galaxies that optically can be classified as 'dry' 





HIPAbs 


B2 


bAURON 








(field sample) 


# galaxies 


818 


21* 


20 


detection limit (Mq) 


~109 


few X 10** 


few X 10*5 


detection rate (%) 


9t 


29 


70 


% with Mm > IO^Mq 


9t 


10 


10 


% with Mhi > 10** Mq 




29 


35 



* Complete B2 sample, does not include NGC 3894 and 
B2 1557-1-26 (see Sect.^. 

^ From Sadler et al. (in prep.); for early results see lSadleil 
ll200lh . 



merger systems (i.e. systems that supposedly formed as a re- 
sults of a major merger between red and dead galaxies with- 
out any gaseous component), is found to contain significant 
amounts of cool gas when observed with rad io telescopes 
iDonovan et al.ll2007l: ISerra fc Qosterlooll2010l) . 

Recentlv. lOosterloo et all (|2007l . l201ol i" have completed 
two studies that obtained quantitative results on the oc- 
currence and morphology of large-scale HI in early-type 
galaxies (not selected on radio loudness). These two stud- 
ies are therefore ideally suited for a detailed comparison 
with the HI properties of our complete sample of B2 radio 
galaxies. The first study by Oosterloo et al. (2007) involved 
follow-up ima ging of HI in early-type galaxies detected by 



ISadleil (|2001 



in the si ngle-dish HI Parkes Al l-Sky Survey 
(HIPASS :lBarnes et aL, 2001: M ever et al.l2004l '). The second 
study bv lOosterloo et al.l (|2010I ) involved deep HI imaging 
of 33 nearby early-type galaxies selected from a representa- 
tive sample of early-type galaxies observed with the optical 
integral field spectrograph SAURON. Of these 33, 20 are 
fie ld early-type galaxies (an extension of earlier work done 
bv lMorganti et al. 2006') , while 13 are Virgo-cluster systems. 
Since we excluded cluster sources from our B2 radio galaxy 
sample (Sect. [2}, we will only take into account the field 
early-type galaxies from the SAURON sample in the re- 
mainder of this Section. The early-type galaxies from the 
HIPASS and SAURON samples have a typical radio power 
fi.4GHz < 10^^ W, i.e. significantly lower than that of our 
B2 sample of radio galaxies. The B2 and the SAURON sam- 
ple have one source in common, namely B2 12174-29, which 
is by far the strongest radio source in the SAURON sample 
and the second weakest source in our B2 sample. It is in- 
teresting to note that the only two objects in the HIPASS 
sample with Pi.4ghz > 10^^'^ W both have a compact radio 
source as well as significant amounts of large-scale HI gas, 
in agreement with the trend that we find in our B2 sample 
(Sect. (521). 

Table [7] summarises both the H I detection limits and 
the HI detection rates of the HIPASS, B2 and SAURON 
samples. There is a substantial difference in sensitivity be- 
tween the three samples, which makes a comparison of the 
HI detection rates difficult. Nevertheless, when looking at 
the high-mass end, the percentage of sample sources with 
Mm > lO^A^Q is roughly the same for the three samples. To- 
wards the low-mass end, the percentage of radio-quiet galax- 
ies in the SAURON field sample with Mhi > 10^ Mq is also 
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very similar to that of our B2 sample of radio-loud galaxies. 
In the presence of a radio continuum source, low amounts of 
H I gas could be observed in absorption rather than emission. 
When including the additional three galaxies from our B2 
sample with a tentative HI absorption detection, the HI de- 
tection rate for our sample of radio-loud early-type galaxies 
raises to 43%. Therefore - within the significant uncertainty 
due to non-uniform sensitivity and relatively low number 
statistics - there does not appear to be a significant differ- 
ence in the HI total mass content between the radio- loud 
and radio-quiet samples |f] 

Regarding the morphology, about two-thirds of the 
HI structures that are imaged in the HIPASS foUow- 
up study are large a nd regularly rotating discs or rings 
l|Oosterloo et al.ll2007h . similar to the HI structures at the 
high-mass end of the B2 sample. The morphology of the 
HI structures in the SAURON sample is diverse, with 
HI morphologies ranging from regular rotating discs to ir- 
regular clouds, tails and complex distributions. Also here, 
the strongest HI detections are often regular disk/ring- like 
structures, although the good sensitivity of these obser- 
vations clearly reveals more complex kine matics than ob- 
served for the HIPASS an d B2 samples (iMorganti et al.l 
I2OO6I : lOosterloo et al.ll2010l '). At the low-mass end, the HI 
structures in the SAURON sample often have a much more 
irregular or clumpy appearance (as do B2 1322-1-36 and 
B2 0055-f30 in our radio-loud B2 sample). 

Thus - as far as we can tell from the limited compar- 
ison between the three systematic studies - there appears 
to be no major difference in both H I detection rate and H I 
morphology between the radio-quiet and radio-loud early- 
type galaxies in these samples. For sure, across the range of 
masses that we studied in this paper, there is no evidence 
that our radio-loud sample has a higher content of large- 
scale H I gas or contains more tidally distorted H I structures 
than the radio-quieter samples. If confirmed by larger sam- 
ples with comparable sensitivity, this may indicate that the 
radio-loud phase could be just a short period that occurs 
at some point during the lifetime of many - or maybe even 
all? - early-type galaxies. This would add to the growing 
evidence that radio- AGN acti vity can be an episodic or re- 
current phenomenon (see e.g. ISaikia fc Jamrozvll2009l . for a 
review) . 

These conclusions are in agreeme nt with a recent study 
of CO in nearby radio galaxies by lOcana Flaguer et al.l 
who find no difference in the molecular hydro- 
gen (H2) mass content between their sample of nearby 
radio g alaxies and a sample of gen ui ne ea rly-type galax- 
ies by IWiklind. Combes, fc Henkell (liggsl). Our r esults 
also agree w it h the fact that iBettoni et al.l l|200ll ) and 
iBettoni et al.l (|2009l ) find that - regarding low-power ra- 
dio AGN - both radio and non-radio ellipticals follow the 
same Funda mental Pla ne an d Cor e Fundamental Plane. 
Capetti fc Balmaverd^ (12006 ) (also ICapetti fc Balmaverdd 



2OO5I : Balmaverde fc Capett: I2OO6I ) show that radio-loud 



AGN occur only in early-type galaxies with a shallow in- 



^ We note again that these detection rat es are bas ed on non- 
cluster early-ty p e gala xies; di Scrcgo Alig hTeri et al.l 1^007) and 
lOosterloo et al.l 1I2OIOI) show that the H I detection rate of early- 
type galaxies in the Virgo Cluster is dramatically lower. 



ner cusp ('core-galaxies'), while those with steep (power- 
law) cusps solely harbour AGN that are radio-quiet. In 
that radio-loud phase could be a common fea- 

ture only among 'core ' early -type galaxies. Nevertheless, 
ICapetti fc Balmaverdd (|2006l ) also show that - apart from 
the properties of the central cusp - this radio-loud/radio- 
quiet dichotomy is not apparently related to other properties 
of the host galaxy. 



5.4 The nature of low-power radio galaxies 

5.4-1 FR-I sources 

The lack of detectable amounts of HI in most FR-I radio 
galaxies is in agreement with the growing evidence that 
the AGN in these systems are not associated with galaxy 
mergers, collisions or violent ongoing interactions that in- 
volve significant amounts of cool gas. While this was a heady 
sugg ested from o ptical studies by iHeckman et al.l (|l986l ) 
and iBaum et all l|l992l ) (see Sect. [TJ, our HI results pro- 
vide - for the first time in a systematic way - direct ev- 
idence for the lack of cold gas that would be associated 
with such violent events. Various studies suggest that low- 
power FR-I radio sources generally also l ack evidence for 
a thi c k torus and cla s sical accretion disc jChiaberge et al.] 
I1999I : iMorganti et al.l 1200 ll ). Furthermore, there is grow- 
ing evidence that these low-power radio sources are likely 
fed through a quasi-spherical accretion of hot gas from the 
galax y's halo or I GM directly ont o the nucleus (Best e t al.l 
I2OO6I : lAUen et al] I2OO6I : iBalmaverde et all 120081'). As we al- 



ready mentioned in Sect. [T] Hardcastle et al. (|2007t ) agree 



with such a scenario, but extend on this idea in the sense 
that all low-excitation AGN (including almost all - but not 
exclusively - F R-I sources) may share this accretion mech- 
anism (see also lBaldi fc Capettil [200^ ') . We argue that the 
lack of large amounts of HI gas in extended FR-I sources, as 
well as the similarity in HI properties between our sample 
of low-power radio galaxies and radio-quiet (er) early- type 
galaxies, is in agreement with the growing evidence that the 
AGN in FR-I radio galaxies is generally fed through the 
steady accretion of hot circum-galactic gas. 

Although accretion of hot IGM directly onto the cen- 
tral engine provides a good explanation for the HI prop- 
erties of FR-I radio galaxies, other possible feeding mecha- 
nisms need to be considered. As mentioned in Sect. 15. Il our 
observations cannot rule out that much less violent, gas- 
poo r or old interaction s may be associated with FR-I galax- 
ies. IColina fc de JuanI (| 19951 ') argue that elliptical-elliptical 
mergers - often referred to as 'dry' mergers - may occur fre- 
quently among FR-I sources. Since a mass accretion rate as 
little as 10"'^ — 1 0~^M(7) yr~^ may be su fficient to power a 
radio source (e.g. Ivan Gorkom et aLl |l989i), even a relatively 
dry merger (which does not contain observable amounts of 
H I gas) could potentially still carry enough fuel to feed the 
radio source for a significant time. Given these low mass ac- 
cretion rates, it m ay ev en be conceivable that stellar mass- 
loss processes (e.g. IWillso n 20OOJ 

are able to deliver the po- 
tential AGN-fuel to the central region. 

It may also be possible that, over long time-scales, (con- 
tinuous) accretion of gas can build up a concentration or 
even a disc of gas and dust in the central region ( which are 
known to exist in FR-I radio galaxies; iVerdoes Kleiin et alj 
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ll999l : ICapetti et aljlioool : Ide Ruiter et al.ll2002l ). which may 
potentiaUy provide the fuel supply for the AGN. As men- 
tioned in Sect. 15.11 either cold accretion from the IGM or 
minor accretion events of companion galaxies (which do not 
leave observable amounts of HI debris) are potential pro- 
cess es that may driv e this accretion. 

lOosterloo et al. I (20Vf) find an intriguing trend that 
'normal' early-type galaxies that are detected in If I (but 
often with an H I mass lower than the detection limit in our 
sample) are more likely to contain a very faint and (in many 
cases) very compact radio continuum component compared 
with early- type galaxies that are not detected in HI. This 
suggests that the cold gas contributes - at least to some ex- 
tent - to the feeding of a very low-power radio- AGN in some 
early-type galaxies. We note, however, that the radio contin- 
uum sources in these systems are several orders of magnitude 
less powerful than the classical 'low-power' radio sources in 
our B2 sample, hence it is very well conceivable that there 
are substantial differences between these two types of AGN 
(though a more detailed comparison certainly deserves fur- 
ther attention). 

We therefore conclude that our H I results are in agree- 
ment with the growing evidence that classical FR-I radio 
sources are fed through the steady accretion of hot circum- 
galactic gas and not by violent gas-rich galaxy mergers and 
interactions, but that there are other possible mechanisms 
that cannot be ruled out. 

Centaurus A 

The lack of detectable amounts (> few x lO^M©) of large- 
scale HI in nearby FR-I radio galaxies seems, at first sight, in 
contradiction with HI observations of Centaurus A. Gen A 
is by far the nearest FR-I radio galaxy and hence studied in 
much greater detail than any other radio galaxy. Cen A has 
an extended (650 kpc) FR-I radio source and contains a to- 
tal of 6 X 10** Mq of hi gas (4.5 x 10* M© in a central 15 kpc 
disc and 1.5 x 10* Ma in fa i nt ou t er shells; Ivan Gorkom et al.l 
Il990l : ISchiminovich et al.1 Il994l: IStruve et al.| |2009|). From 



X-ray obser vations, iKraft et al.l (|2003l ) and Groston et al.l 
l|2007l . I2009D argue that Cen A may be a non-typical low- 
power radio galaxy in that it shares some properties (su- 
personic expansion of one of the inner radio lobes and a 
high intrinsic absorption of the nucleus) with more powerful 
FR-II radio galaxies, which are often associated with gas- 
rich galaxy mergers. Indeed, it has been argued that the H I 
structures in Gen A form ed as a result of a minor merger 
jSchiminovich et al.lll994l ). so it is certainly possible that 
Cen A is indeed not a 'typical' FR-I radio galaxy. 

On the other hand. lstruve et al] |200^ find no evidence 
from the H I properties that the minor merger event in Gen A 
is responsible for fuelling the c urrent episode of radio-AGN 
activity (in fact. ISaxton et aLll200l] . suggest that this mi- 
nor merger was responsible for temporarily shutting down 
the radio-AGN rathe r than trigger i ng the current episode of 
radio-AGN activity). IStruve et al.l |200!?) also show that, if 
Cen A would be located at the average distance of our B2 
sample sources, a significant part of the HI disc would not 
be detectable in emission but in absorption. In addition, at 
large distances the relatively compact continuum from the 
inner radio lobes is likely to dominate the radio-source struc- 
ture. 



From the HI results presented in this paper, there is 
thus no unambiguous evidence either in favour or against the 
idea that Gen A is not a typical FR-I radio galaxy, but it does 
serve as a strong reminder of the observational limitations 
of our current sample. 

5.4-2 Low-power compact sources 

Contrary to the extended FR-I sources, a significant fraction 
of the low-power compact sources in our sample do con- 
tain enormous discs/rings of HI gas, some of which could 
be related to a past gas-rich merger event. However, we 
saw in Sect. 15.11 that these HI structures are at least one 
to several Gyr old. The lifetime of extended, low-power 
radio sources is g enerally believed to be not more than 
about 10* yr (e.g. iParma et al.|[20o3 ) and the compact ra- 
dio sources in o ur sample are believed to be even signifi - 
cantly younger (|Giroletti et al.1 l2005al : iTavlor et all 1 19981 '). 
This suggests that the onset of the current episode of radio- 
AGN activi ty started long after the initial formation of these 
HI discs. In lEmonts et al.l (|2006,) (where we studied the case 
of B2 0648-1-27) we discussed that, in (post-)merger systems, 
significant time-delays between the initial merger and the 
onset of the radio-AGN activity may not be uncommon. 
Also, it is possible that there have been previous episodes of 
AGN activity - as we mentioned in Sect. 15.31 growing evi- 
dence su ggests that AGN activity could be episodic in na- 
ture (e.g. ISaikia fc Jamroz vl l2009D and there are indications 
that there is likely a high incidence of HI absorption as- 
sociated with rejuven ated radio sources (|Saikia et al.ll2007l : 
IChandola et al.ll2009D . Nevertheless, a direct causal connec- 
tion between the formation of the HI discs/rings and the 
triggering of the current episode of radio-AGN activity is 
not immediately apparent. 

Therefore, the feeding mechanism of these compact ra- 
dio sources remains ambiguous. However, the 'HI mass - 
radio size' segregation that we find (Sect. lSTj) indicates that 
the fuelling mechanism and/or the evolution of these Hl- 
rich compact radio sources is fundamentally different from 
that of the extended FR-I sources and somehow related to 
the presence of large amounts of HI gas. 



5.4-3 Comparison with Seyfert sources 

Our HI results on low-power radio galaxies are also inter- 
esting when compared with the properties of nearby Seyfert 
galaxies. Seyfert nuclei are often found in spiral galaxies 
and a significant fraction contains a very compact and low 
luminosity radio-AGN (with a total radio power well be- 
low that of the low-p ower radio galaxies in our sample, e.g. 
IHo fc UlvestadI 120011 ). Thus, while disc-dominated Seyfert 
galaxies (with a prominent H I and stellar disc) often contain 
a very faint radio-AGN, we find that a significant fraction 
of much brighter compact radio sources is hosted by early- 
type galaxies with more diffuse large-scale H I discs and that 
classical, extended FR-I sources occur in early-type galaxies 
without a prominent disc. This may hint to a continuum in 
radio-source properties from late- to early-type galaxies. A 
more detailed study on the comparison between radio-AGN 
activity and the host galaxy's disc properties across the full 
spectrum of galaxy morphologies deserved further investiga- 
tion, but is beyond the scope of this paper. 
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IKuo et all l|2008l ) and lTang etHI l|2008h found from H I 
studies that local disc-dominated Seyfert galaxies generally 
show evidence for ongoing gas-rich interactions and that 
these interactions are important for the occurrence of the 
nuclear activity. From the lack of evidence of ongoing gas- 
rich interactions among our sample sources, we argue that 
the fuelling mechanism of low-power radio galaxies is likely 
fundamentally different from that of disc-dominated Seyfert 
galaxies. We note, however , that the Seyfert sourc es in the 
samples of IKuo et all (|2008l ') and lTang etai] l|2008l 'l all have 
a redshift comparable to the low-redshift range of our sam- 
ple of radio galaxies, hence a more in-depth investigation 
would be necessary in order to determine to what extent 
sensitivity issues limit this comparison. 

Interestingly, the only disc-dominated FR-I radio galaxy 
in our sample (B2 0722-1-30) shows HI properties similar to 
those of local disc-dominated Seyfert systems (namely a reg- 
ular Hl/stellar disc and Hl-rich interactions with compan- 
ions). This could mean that the host galaxy environment 
and AGN feeding mechanism of B2 0722-1-30 more closely 
resembles that of nearby Seyfert galaxies rather than that 
of low-power radio galaxies in general (despite the clear evi- 
dence for a typical FR-I radio- AGN not commonly observed 
among Seyferts; see lEmonts et al.ll2009l ). 

5.4-4 Comparison with powerful (FR-II) sources 

As mentioned in Sect.[l] powerful radio galaxies with strong 
emission-lines have - in contrast to our results on FR-I 
sources - often been associated with gas-rich galaxy merg- 
ers or collisions. We recently found evidence for a large-scale 
(140 kpc) HI disc associated wit h the nearby powerfu l radio 
galaxy NGC 612 (PKS 0131-36: lEmonts et al.ir2008ah . This 
radio source has clear FR-II properties and shows a faint 
HI bridge that stretches across 400 kpc toward a gas-rich 
companion galaxy, indic ating that a collision between both 
systems likely occurred l|Emonts et akllioOSaT ). In a future 
paper we will investigate the large-scale HI properties of a 
small sample of nearby powerful FR-II radio galaxies, which 
will allow us to compare the general H I properties between 
low- and high-power (as well as low- and high-excitation) 
radio galaxies. 



6 CONCLUSIONS 

From our study of large-scale HI in a complete sample of 
nearby low-power radio galaxies (compact and FR-I), we 
derive the following conclusions: 

i) . Our detection rate of HI emission directly associated 
with the radio galaxy is 29% (with a detection limit of 
- 10«Me); 

ii) We find no evidence for ongoing gas-rich galaxy merg- 
ers, collisions or violent interactions associated with the 
early-type host galaxies of low-power radio sources. At the 
high-mass end, all the HI structures are fairly regularly 
rotating large-scale discs/rings, while at the low-mass end 
(several xlO^M©) the HI distribution appears much more 
clumpy. The large-scale HI discs/rings are at least one to 
several Gyr old; 

iii) . There is a clear segregation in HI mass content between 



compact and extended radio sources in our sample. Large 
amounts of HI (with A/hi ICp Mq) are only observed 
around host galaxies with a compact radio source, while 
none of the host galaxies of the more extended FR-I radio 
sources shows similar amounts of large-scale HI. This 
suggests that there is a physical link between the properties 
of the radio source and the presence of large-scale HI 
structures, which we ascribe most likely to either con- 
finement/frustration of the compact radio sources by the 
presence of large amounts of gas, or to the lack-of-growth 
of the compact sources as a result of inefficient fuelling; 

iv) . Our HI results indicate that extended FR-I radio 
galaxies are generally hosted by Hl-poor galaxies. Only low 
amounts of HI (< 10* M©) have been detected in a small 
fraction of these systems. These results are in agreement 
with the growing belief that extended FR-I radio galaxies 
are fuelled through the accretion of their circum-galactic 
hot gas (although other mechanisms cannot be excluded); 

v) . From a limited comparison with samples of radio-quiet 
early-type galaxies, our complete sample of low-power radio 
galaxies shows no apparent difference in HI properties 
(detection rate, mass and morphology) compared with 
these radio-quiet samples. If confirmed by larger samples 
with uniform sensitivity, this could mean that a classical 
low-power radio source may occur at some point during the 
lifetime of many - or perhaps even all - early-type galaxies 
(at least the ones with a shallow central cusp). 
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APPENDIX A: INDIVIDUAL H I SOURCES 

This Appendix gives a detailed description of the individual 
sources in our sample for which HI has been detected in 
emission and/or absorption (see Sect. [3}. 

B2 0055+30 (N GC 315): HI results of this sources have 
been published by iMorganti et al.l (|2009l ). The absorption 
profile contains a broad component slightly redshifted from 
the systemic velocity as well as a n arrow component red - 
shifted by abou t 460 k m s"'^ (see also lHeckman et al.lll98d ). 
iMorganti et"all (|2009l ) favour the idea that the broad com- 
ponent may represent gas that is falling into the nucleus, 
while the narrow component is likely an HI cloud at larger 
distance from the centre. A small cloud of H I emission is also 
detected within the host galaxy at ro ughly the same velocit y 
as the narrow absorption component (jMorganti et al.ll2009l) . 
B2 00554-30 is the most extended FR-I radio source in our 
sample and has an asymm etric jet /lobe struc ture with a pe- 
culiar bend at one end (see lLaing et al.ll2006l . and references 
therein) . 

B2 0222+36: The detection of H I absorption in this galaxy 
with a fairly compact radio source is tentative and needs to 
be confirmed with additional observations. 

B2 0258+35: The HI resuhs of this source wiU be pub- 
lished in detail in a forthcoming paper by Struve et al. 
(in prep.). The HI emission- line gas around B2 0258+35 
is distributed in a r egularly rotating disc with a diam- 
eter of 160 kpc (see IStruve. Morganti. & Oosterlod |2008| , 
for a position- velocity plot). A slight asymmetry appears 
in the HI gas towards the outer western part of the oth- 
erwise settled disc. It is likely that the bulk of the ab- 



sorbing HI gas is located in the large-scale disc, although 
part of it could a lso come from a circum-nuclear disc (see 
IStruve et aLl |2008|). Besides several HI companions outside 
the HI disc, our deep optical image shows what appears to 
be a very faint and tidally disrupted system at the north- 
ern edge of the HI disc, most prominently visible around 
RA=03h01m48s, dec=+35°15'l5" (this feature wiU be de- 
scribed in more detail by Struve et al [in prep.]). The optical 
host galaxy has a large bulge component and what appears 
to be a very faint and tightly wound spiral disc. Our HI 
and optical data are in good a g reeme nt with earlier data 
presented bv lNoordermeer et al.l (|2005l ). The radio source in 
B2 025 8+35 has been classifi ed as Compact Steep Spectrum 
(CSS; ISanghera et"allll995h . 

B2 0648+27 : We studied this galaxy in great detail in 
lEmonts et al] (|2006l . l2008bl ). The HI gas is distributed in 
a massive, regularly rotating ring-like structure with a di- 
ameter of 190 kpc. Deep optical imaging shows a distorted 
optical morphology and a faint stellar tail or partial ring 
that foUows the HI ring (|Emonts et al.l l2008bl i. The stel- 
lar light across the host galaxy is dominated by a 0.3 Gyr 
post-starburst stellar population (lEmonts et al.l [20061 ). We 
argued that B2 0648+27 formed from a major merger event 
roughly 1.5 Gyr ago, after which HI gas that was expelled 
from the system during the me rger had time to fall back and 
settle around the host galaxy (jEmonts et ahl [20061 ). The ra- 
dio source is c ompact, with a minimu m estimated age of only 
about 1 Myr (jCiroletti et al.|[2005ah . The current phase of 
radio- AGN activity has therefore started late in the lifetime 
of the merger. 

B2 0722+30 : We studied this galaxy in great detail in 
lEmonts et al] |200i). B2 0722+30 is the only late-type 
galaxy in our sample. The regularly rotating HI emission 
follows the edge-on stellar disc. Part of the H I disc is seen 
in absorption and not taken into account in the total in- 
tensity image of Fig. [T] and HI mass estimate in Table 
[6] B2 0722+30 has an Hl-rich environment, with gas-rich 
galax ies that are in ongoing interaction (see lEmonts et al.l 
|2009| ). The radio source reaches beyond the optic al boundary 
of th e host galaxy and has an FR-I morphology (|Fanti et al.l 
Il986l ). It is extremel y rare for disc galaxies to host a classi- 
cal r adio source (see 'Veron-Cett v & Veronll200ll : lKeel et al.l 
I2OO6 : Emonts ct al. 2008a, 2009), hence we warn the reader 
that B2 0722+30 should be regarded as a special case in our 
sample. 

B2 1217+29 (NGC 4 278): H I observations o f this sources 
hav e been published by iRaimond et al.l l|l98ll) . [Le3 (Il994l ) 
and IMorganti et al.l (|2006l ). Thev aU detect an HI disc with 
regular rotation, although the gas is not co-planar with the 
rotation of the stars in the inner part of the galaxy and 
sh ows indications for non- circular motions. Deep HI imaging 
bv IMorganti eTID ([200^ ) shows that the HI disc is some- 
what asymmetric and slightly elongated eastward (roughly 
in the direction of a close companion) and contains two faint 
tails of H I gas on either side. Interestingly, B2 1217+29 
shows no evidence for HI absorption against the central 
continuum. In our deep optical image, both B2 1217+29 
and the smaller, close companion towards the north-east 
have the appearance of a typical elliptical galaxy, although 
B2 1217+29 contains a faint dust-lane stretching from north- 
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east to west of the nucleus. Typical for early-type galaxies, 
B2 1217+29 contains a relatively old stellar population (e.g. 
ISanchez-Blazauez et al. 2006). The radio source B2 1217+29 
is compact and the second weakest source in our sample (see 
Table [Ij. 

B2 1321+31: Two tentative (Scr) absorption features are 
detected against the radio continuum of B2 1321+31; one 
against the central radio continuum (slightly redshifted 
wit h respect to the optical system ic velocity as determined 
bv lWoods. Geller. fc Bartonll2006l ) and another against the 
bright radio continuum at the tip of the north-western lobe, 
roughly 100 kpc from the nucleus (see Fig [3}. The tentative 
HI feature against this outer lobe is spatially unresolved, 
since the estimated H I column density of the absorbing gas 
(A''hi ~ 3.6 X 10^^ cm~^) would have been sufficiently high 
for detecting part of this H I structure also in emission out- 
side the radio continuum, which is not the case. There is no 
galaxy visible near the location of this outer absorption in 
optical SDSS images. The tentative absorption against the 
outer lobe of B2 1321+31 resembles HI absorption features 
detected against the out er edge of the powerful radio sources 
3C 234 (|Pihlstromll2"00ll ) and 3C 433 jMorganti et al.ll2004l l 
and could represent a region where the radio plasma in- 
teracts with ambient inter-galactic medium. The extended 
radio source has a typical FR-I morphology. 

B2 1322+36 (NGC 5141): This system shows two clouds 
of HI emission in the direction of the nearby companion 
galaxy NGC 5142. As can be seen from Fig. [1] HI absorp- 
tion detected against the radio continuum is also slightly 
extended in this direction. The column density of the ab- 
sorbing HI gas is very similar to the peak column density 
seen in emission. This suggests that the emission and the ab- 
sorption are possibly part of the same large-scale H I struc- 
ture, which has a too low surface brightness to be detected 
in emission at other locations . The systemic velocity based 
on the stellar kinematics (see iNoel-Storr et al.ll2003 ) corre- 
sponds to the peak in the HI absorption profile. We detect 
no optical counterpart at the location of the HI emission 
in our deep optical image. B2 1322+36 shows no obvious 
features in our deep optical image, but the bulge dominated 
companion system NGC 5142 shows indications of a minor 
and very faint warped disc. The radio source has a total lin- 
ear extent of 19 kpc and a typical FR-I morphology. 

B2 1447+27: The detection of HI absorption in this sys- 
tem is very marginal, and only seen in a data cube with 
robust or natural weighting. For a uniform weighted cube 
the absorption feature disappears in the noise. Additional 
observations are necessary to verify this tentative detection. 
It is not clear whether this absorption represents gas in the 
very nuclear region or at larger scales. The radio source in 
B2 1447+27 is compact. 

NGC 3894: The HI around NGC 3894 is distributed in 
what appears to be an edge-on ring-like (or possibly a disc- 
like) structure. Our deep optical image reveals a faint but 
extended dust lane along the direction of the HI ring. The 
H I ring seems distorted at the location of the nearby barred 
spiral galaxy NGC 3895, which lies 27 kpc east-north-east 
of NGC 3894 and does not contain any observable H I. The 
HI absorption against the unresolved radio so urce in NGC 
3894 has a clear double-peaked profile (see also lDickevlll986l : 



van Gorkom et all 1 19891 : iPeck fc Tavloil 1 19981 : ICupta et all 
20061 ). We argue that the bulk of the absorbing gas is likely 
part of t he la rge-scale HI ring. As shown in Paper I and 
lEmontd (|2006l ). NGC 3894 is located in an environment of 
several nearby H I-r ich galaxies. The radio source is compact 
l|Tavlor et al.lll998l '). 
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